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The reduction of pyruvate as catalyzed by
lactate dehydrogenase has been studied by monitoring
the oxidation of DPNH (diphosphopyridine nucleotide)
at 340 !1!!!.•

The kinetic investigation was carried

out in phosphate buffer at 25° C.

Since pyruvate

exists in equilibrium with the enolized and hydrated
forms, a kinetic analysis was devised to determine
the nature of the true substrate for the enzymatic
process.

Also, a comparative study was made involving

two isozymes of lactate dehydrogenase.

The catalytic

effectiveness of these isozymes was studied as a
function of pH and substrate concentration.
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I.

Introduction

Lactate dehydrogenase is an important part of the anerobic
glycolytic system and occurs ubiquitousy in animal cells( 1).

The

enzyme is responsible for catalysis of the reversible reduction of
pyruvate:

coo-

coo-

l

C=O + DPNH + H+<

I
I

( 1)

>HCOH + DPN+

I

CH3

CH3

Pyruvate occupies a central position in the metabolism
of carbohydrates.

Under aerobic conditions, the metabolism of

pyruvate proceeds by oxidative decarboxylation, with formation of
acetyl coenzyme A, which enters the citric acid cycle(2). Aerobically,

the DPNH, generated during glycolysis, would be oxidized

by the mitochondrial electron transport system (2). Anaerobically,
the mitochondrial election transport system is unable to oxidize
the DPNH generated in glycolysis.

When the cytoplasmic DPN is

depleted by reduction to DPNH, glycolysis is inhibited.

This is

prevented by the action of lactate dehydrogenase which reoxidizes
DPNH to DPN.
Methods for isolating and purifying the enzyme are
described in the literature (3, 4, 5, 6).

Thurnberg (1) in 1920

recognized an ~nzyme in tissues which oxidized lactate and reduced
pyruvate and which was dependent upon a water- soluble cofactor for
its activity.

Cell free

extracts containing lactate dehydrogenase
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activity were first studied in 1932.

More recently, preparations

of crystalline enzyme have been isolated from bovine heart, rat
skeletal muscle, rabbit skeletal muscle, bovine skeletal muscle,
rat liver, rat heart, and human heart { l}.
The molecular weight of lactate dehydrogenase has been
determined by sedimentation studies by the method of Ehrenburg
which yields an average value of 140, 000± 4000 amu for the
enzyme as isolated from various animal sources{8).
Birds and mammals exhibit five forms of lactate dehydrogenase{9) as tetramers which arise from the combination of two
types of subunits labeled as M and H. The H4 tetramer is found
to be the predominant form of the enzyme in the heart, and is
characterized by its inhibition by high substrate concentration.
The M4 enzyme predominates in the skeletal muscle, and is only
mildly inhibited by high substrate concentration.

Shaw and

Barto{ 10) working with deer mouse, Peromyscus maniulatus,
have presented genetic evidence which supports the theory that
two allelic genes are responsible for the Hand M subunits.

A

given cell type can synthesize both Hand M subunits, and these
subunit chains combine to form five possible isozymes M4, HM3,
HzMz, H3M, and H4.

The relative distribution of the five

isozymes is specific for each tissue.

The LDH pattern of tissues

with high aerobic metabolism generally shows a predominancy of
H subunits, whereas anaerobic tis sue contains mostly M subunits{9).
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Various isolation techniques have been employed with
LDH systems to separate the isozyme activities or to measure
them differentially.

Electrophoretic separations have been

carried out by a number of methods(ll), and the isolated bands
have been quantitated by densitometry after application of
specific stains.

The isozymes differ with respect to heat

denaturation, substrate inhibition, the effect of hydrogen ion
concentration, and with their relative activities in conjunction
with various coenzyme analogues, and consequently some of
these differences have been quantitatively explored.
As yet, few systematic studies have been carried out
on the substrate specificity of highly purified forms of lactate
dehydrogenase.

Beside pyruvate, lactate dehydrogenase has

appeared to be specific for L(+) - lactate.

There is no detect-

able activity with D (-) - lactate, nor is the D- form an
inhibitor( 12).

Purified rabbit erythrocyte lactate dehydrogenase

has been claimed to act equally well on D- and L- lactate( 13),
but Plagemann, et al. , ( 14) were not able to repeat this observation and in fact found the enzyme to be active only with L - lactate( 12).

Dennis and Kaplan ( 15) and Tarmy and Kaplan( 16) have

purified enzyme fractions from certain bacteria which show
some degree of specificity toward D - lactate.

Meister ( 17)

has found that a series of alpha, gamma-diketo acids, ranging in
chain length from five to eleven carbons, are reduced by lactate

4
dehydrogenase to about one-tenth the rate of pyruvate reduction.
Meister has also reported that phenylpyruvate and substituted
phenylpyruvates are slowly reduced by lactate dehydrogenase,
but quantitative data are not available.

Lee and Winer have

found that LDH also catalyzes the reduction of fluoropyruvate( 18}
but quantitative deductions arising from their data seem to be
questionable ( 19}.
The five isozymes of lactate dehydrogenase are reactive with both diphosphopyridine nucleotide (DPN} and triphosphopyridine nucleotide (TPN}.

Meister ( 17} has reported that

the reduction of pyruvate catalyzed by ox heart lactate dehydrogenase proceeds from 100 to 380 times more rapidly with DPNH
than with TPNH, depending on the concentration of the coenzyme
employed.
Formally, the DPNH reaction involves the transfer of
a hydride ion from the coenzyme to pyruvate(20}. In actuality,
a reaction may proceed via the transfer of hydride ion or via a
two- step pathway involving the transfer of a hydrogen atom preceeded or succeeded by the transfer of an electron.

It is not

known with certainty which is the true mechanism.
The mechanism of pyruvate inhibition is not well understood.

Takenaka and Schwert(2 l} have demonstrated by ultra-

centrifugal separation techniques that in the absence of coenzyme,
lactate dehydrogenase does not form a complex with pyruvate.
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Since the enzymatic catalysis of pyruvate reduction depends on
the enzyme-coenzyme- substrate binding and the rate of formation
of product from the enzyme-coenzyme- substrate complex,
inhibitors may retard the enzyme process either competitively
or noncompetively.

If there exists competition between the sub-

strate and an inhibitor for the same locus on the enzyme, the
inhibition is termed as competitive.

The actual rate of the

catalyzed reaction is then strictly dependent on the relative
concentration of substrate and inhibitor.

This type of inhibition

is to be contrasted to noncompetitive inhibition in which the
inhibitor does not effect enzyme-coenzyme- substrate binding,
but retards the rate of product formation.
These two types of inhibition may be experimentally
differentiated.

For noncompetitive inhibition, Km is usually

unaffected or affected only slightly by the presence of the
inhibitor, and the inhibition is reflected by a decrease in the turnover number (V max).

The reverse effect is observed when an

inhibitor acts competitively.
Nearly all enzymatic reactions are reversibly inhibited
by competing complexes and such effects have been found
especially useful in the study of enzyme mechanisms by means
of Lineweaver-Burk plots.

These effects are readily analyzed

and classified ( 2, 20).
Some consideration has been given to the mechanism of

6
substrate inhibition(22, 23).

It has been suggested (24) that the

inhibition is caused by the formation of an unreactive abortive
ternary complex of enzyme-oxidized coenzyme-substrate.

This

complex has been postulated by Fromm(24) as a kinetically
significant intermediate in the overall reaction mechanism of
LDH.

It is also postulated that the abortive complex is com-

petitive with DPNH for an active site on the enzyme(22).

One

of the purposes of the present work is to obtain additional
information regarding the inhibiting constituents of the abortive
ternary complex.
A remarkably far- seeing theory formulated by Emil
Fisher in 1894, proposed that the substrate of an enzyme fits
into a cavity on the enzyme surface rather like a key fits into a
lock.

Suitably oriented groups on the enzyme then catalyzed the

reaction(25).

This qualitative theory was a precursor of the

modern ideas pertaining to enzyme action.

For example, it has

been proposed that there is an active site on the enzyme surface
where catalysis occurs and that there must be some complexing
between substrate and enzyme prior to reaction resulting in a
saturation effect(25).

Brown (26) in 1902 and Henri(27) in 1903

were the fir st to substantiate the earlier proposals by means of
enzyme kinetics.

These workers formulated the kinetic law

discovered later by Michaelis and Menten in 1913(28).
Mechanistically the theory implies the reaction sequence

7
given by equation (2).

ES

( 2)

P+E

However, the more complicated enzyme systems, such as LDH,
in which two substrates are involved have only recently been
given extensive attention.

Evidence has been obtained for the

following reaction sequence catalyzed by LDH (equation 3)

(29).

k1
E + D PNH z:"==:=::!'>

E - DPNH
( 3)

k2
E-DPNH + pyruvate ~

k3
)
k4

E-DPNH-pyruvate

k7
+ L-lactate

E - DPN+

'k

k5
~ D-DPN+
k6

> E + DPN+

8

Accordingly, the rate of an enzyme catalyzed reaction would be
expected to increase with increasing substrate until a concentration is reached, beyond which there is no further increase in
velocity.

Provided the reaction is performed under carefully

controlled conditions, the variation of reaction rate with substrate concentrations is described by equation ( 4).
V=

vf
( 4)

Where V is the observed initial velocity; V f is the maximum initial
reaction velocity for the forward reaction (when both substrates
are present in high concentration); (A) and (B) are the molar concen-
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trations of the substrates; and KA, KB, and KAB are the kinetically
determined Michaelis constants for pyruvate, DPNH, and pyruvateDPNH, respectively.

The Michaelis constant is one relating the

dynamic equilibria involving at least three reactions whose
individual rates are highly characteristic of the mode of action of
the enzyme; thus Km is the most useful fundamental constant of
enzyme chemistry.
For the experimental determination of Km and V m'
the velocity of the reaction is measured as a function of substrate
concentration.

In investigating a particular mechanism, one

should take into consideration whether a single substrate participates exclusively or the much more common case when the second
reactant is present in such a large and constant concentration as
to be kinetically without significance(20).

The substrate concen-

trations must be much greater than the enzyme concentration,
and all other variables such as ionic strength, pH, and temperature
must be defined and held constant in all measurements.

In 1934, Lineweaver and Burk(30) pointed out that equation
(4) could be rearranged in such a way as to determine Km and

Vm

from a linear plot as defined by equation (5).

KAB

1 +

KA+
(B)
1
V

(5)

1

=

Vf

(A)

+

9
Thus, a series of straight lines are generally obtained when 1 /V
is plotted against 1 /(A) for a series of constant values of (B) as
illustrated by Figure 1.

(B)3

1 /V

-KB/K

AB

Q
1 (A)

Figure 1.
are 1 /V m(A) values.

1 /V versus 1 /(A).

Intercepts on 1 /V axis

Coordinates of common intersection, Q,

Extrapolation of these lines to the ordinate axis gives a series
of intercepts, each of which equals 1 /V M(A), where V M(A)
corresponds to the maximum velocity obtainable at infinite (A)
and given (B), and is defined by equation (6).
VM{A)

Vf

=

I+

KB

( 6)

~

Since equation (4) is symmetrical with respect to {A) and {B),
the point of intersection of 1 /V versus l /(B) at constant (A) shows
a similar relationship.
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The Michaelis constants, KA and KB, can be readily
evaluated by plotting the 1/V M(A} and 1 /V M(B} values
obtained on the previous graphs against the corresponding 1 /(B}
and 1 /(A} values, respectively, as shown in Figure (2).
(a}

(b}

0

Figure 2.

1 /(S}

1 /V M versus 1 /(S}; slope (a}: 1 /V M(B}

versus 1 /(a}; slope (b}: 1/V M(A} versus 1 /(B}.
The two lines obtained have the same ordinate intercept,
which corresponds to the reciprocal of V f• the maximum velocity
at infinite (A} and (B}, under the conditions of the experiment.
Thus, from Figure (2) one obtains values of KA, K :s, and V f·
Figure (2) can be assessed as an index of the accuracy of the data
and self-consistency of an experiment.
The Michaelis constant for the enzyme- substrate complex,
KAB, is determined from the point intersection, Q, obtained from
Figure ( 1), namely,

l

(A}

=

(7)
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The reciprocal value of the Michaelis constant, KAB•
reflects the stability of the enzyme-coenzyme- substrate interaction, and it is of great practical use.

It should be noted,

however, that reciprocal values of the Michaelis constant are not
necessarily true dissociation constants of the enzyme-coenzymesubstrate complex, especially in cases where the breakdown of
the complex into products is rapid relative to its formation.
Comparisons of Km values are, however, often used in assessing
enzyme specificity and the nature of the binding groups involved
in various enzyme- substrate complexes.
Complicating factors associated with the LDH catalyzed
reduction of the pyruvate system would be expected to arise from
the fact that at physiological pH, pyruvate is in equilibrium with
enol and hydrated forms:
OH
H O
2

I

+ CH2 = C-CO 2- <

O

II

, H 2 O + CH -C-CO 2 -,
3

OH

I

lCH 3 - C -CO 2 I
OH

(8)

Consequently, one of the purposes of the present work is to deduce
which of these forms represents the true substrate for LDH action.
Until this is known, meaningful values of the Michaelis-Menten
parameters for LDH catalyzed reduction of pyruvate cannot be
evaluated.
The kinetics associated with the enolization of pyruvate
systems have been extensively studied by Hegazi and Meany(3 l).
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It has also been shown by Meany and Pocker(32) via NMR methods,
and confirmed in the present work, that the enol form of pyruvate
accounts for less than 1% of the total pyruvate concentration.
Kinetic and thermodynamic measurements of the reversible hydration of pyruvic acid and pyruvate ion have been carried
out by Packer and Meany(32) using both spectrophotometric and
NMR techniques.

Eigen, et al., (33) and Strenlow(34) also have

determined the relative concentrations of pyruvic acid and its
hydrate using relaxation methods.

By evaluating the data presented

by the above authors and by the use of solvent isotope effects, a
thorough study has been carried out to distinguish the nature of the
true substrate employed in the enzymatic catalysis of the pyruvatelactate system.

These considerations are necessary not only

for a meaningful kinetic interpretation of the system presently
under investigation, but are also essential for comparative studies
of LDH action on halogenated pyruvates and substituted aromatic
pyruvates where the distributions of enol, keto and hydrated forms
are different.

It has been noted in the literature that lactate

dehydrogenase is subject to substrate inhibition( 1).

The present

work is also designed to determine whether the hydrated or
unhydrated forms of pyruvate is the inhibitor.
This project further includes a comparative investigation
involving the two extreme isozymes of lactate dehydrogenase;
namely LDH-1 isolated from beef heart and LDH-5 isolated from
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beef muscle.

The catalytic effectiveness of these isozymes were

studied as a function of pH and substrate concentrations allowing
a comparison of their respective Michaelis parameters over a
wide range of pH values as well as their relative tendencies
toward substrate inhibition.

II.

Experimental

Materials
Reagent grade pyruvic acid was obtained from Sigma
Chemical Corporation, and freshly distilled under reduced pressure prior to each set of experiment to avoid complications
arising from polymerization.

The pyruvic acid fraction was

collected at 18mm and 67. 5-68. 5° C in the distilling process,
and concentration was checked by titration.

Sodium pyruvate

was obtained from City Chemical Corporation.

Deuterated-

pyruvate was prepared by accurately weighing a predetermined
amount of sodium pyruvate in a volumetric flask and adding DzO
to the prescribed volume.

DzO was a product of International

Chemical and Nuclear Company with a purity of 99. 8%.

The

deuterated solution was allowed to incubate for a period of time
required for complete deuteration of pyruvate to take place ( see
results section}.
Cofactor.

The reduced form of beta-diphosphopyridine

nucleotide was purchased from Sigma Chemical Corporation.
The coenzyme was substantially free of oxidized alpha-DPN or
beta-DPN.

Solutions were prepared for each series of kinetic

runs, by dissolving accurately weighed amounts in phosphate
buffer, pH 8.
using

E

34~

The concentrations were determined by absorption
= 6. 2, and the values obtained were identical to

14
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those obtained from the amounts of DPNH weighed out.

The

DPNH was stored at room temperature, in the dark, and
thoroughly dessicated.

Figure 3 shows an ultra violet absorp-

tion spectra of diphosphopyridine nucleotide.
Rabbit muscle lactate dehydrogenase (code: LAD},
beef heart lactate dehydrogenase (code: BHLDH}, and pig heart
lactate dehydrogenase (code: PHLDH}, were obtained from
Worthington Biochemical Corporation.

The isozymes of lactate

dehydrogenase were purchased from Boehringer Mannheim
Corporation.

The LDH-1-iso-B-nat (code: LDH-1} was prepared

from beef heart.

LDH-3-iso-B-nat (code LDH-3} and LDH-5-iso-

B-nat (code LDH-5} were prepared from beef muscle.

All LDH

isozymes preparations are guaranteed to contain more than 98%
of the given band.

Both isozymes gave single bands on acryla-

mide gel electrophoresis.

The activity of the enzyme was unchanged

after dialysis against phosphate buffer for 24 hours.

Enzyme solu-

tions were generally prepared directly before use for a given set
of kinetic runs to avoid denaturation.
Phosphate and acetate buffers were prepared from either
analytical or reagent grade compounds.

In all kinetic runs carried

out in the pre sent work, the ionic strength was maintained constant
/4.= 0. 10 M, by adding the appropriate quantities of sodium chloride.
Phosphate buffers were prepared by diluting accurately weighed
samples of KHzP04 and KzHP04 with distilled water to the desired
concentrations. Acetate buffers were prepared in a similar manner.
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Figure 3 •

Ultraviolet absorption spectra of

diphosphopyridine nucleotide
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Analytical Instruments

Spectrophotometric assays were carried out on a Beckman Kintrac VIII spectrophotometer using cuvettes with a path
length of 1. 0 cm.

The cell compartment was maintained at

25. 0° by means of a Beckman Thermocirulator Accessory.
Colorimetric protein assays were carried out on a
Bausch and Lomb Spectronic 20 due to the convenience of
handling and the provision for rapid cell changing.

A Mettler

Balance Model H20T, was used for all weight determinations.
The pH value for all solutions was determined by use of a
Beckman Century SS expanded scale pH meter.
Nuclear Magnetic Resonance spectra were determined
on a Varian Model HA60IL spectrophotometer using the frequency sweep mode.

Tetramethylsilane was used as an external

reference.
Electrophoresis was carried out on a Shandon Analytical
Polyacrylamide Electrophoresis Apparatus using high resolution
zone electrophoresis technique which employs vertical columns •Of
polyacrylamide.

Methods

Dehydration of 2, 2-dihydroxypropionate.

Because of

the acidic properties of pyruvate acid (pKa = 2. 18) (40) and its
hydrate (pKa = 3. 6) (41) and the fact that pyruvate is hydrated
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only to a small extent around neutral pH(35), it is more convenient
to follow the dehydration of 2, 2-dihydroxypropionate rather than
the hydration of pyruvate itself.

At very low values of pH an

appreciable amount of the acid hydrate exists in aqueous solution(36).

Thus, an aqueous solution of pyruvic acid after equili-

bration takes place consists predominantly of the hydrated form.
Small amounts of concentrated HC 1 were added to obtain a pH of
0. 35 in order to further shift the equilibrium in favor of the
hydrated form.

A calibrated Hamilton syringe was employed to

inject various amounts of the 0. 93 M pyruvic acid solution thus
prepared into 3 ml of phosphate buffer along with a predetermined
quantity of sodium hydroxide to assure a final pH of 6. 8.

The

instant deprotonation of 2, 2-dihydroxypropionate thereby initiates
its dehydration which was monitored by following a corresponding
decrease in absorbance at 260 ~(Figure 13).

The pseudo-first-

order rate constants, kobsd. = 2. 3 x slope, were evaluated from
the slope of the straight line obtained by plotting log (A 00

-

At)

versus time.
The variation in the fraction of hydration with pH at 25.

o0

has been previously studied quantitatively by Packer and Meany,
et al. , ( 35). A plot ( Figure 4) of the fraction of hydration, ?l ,
versus pH shows a X max = 0. 61 for low pH while at higher values
25.0°
= 0. 06.
of pH very low fractions of hydration are obtained: X. min
25.0°
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1.0

0.8
0.6

'X0.4

0,2

2'50

o.oo

Figure 4.

2

:5

pH

"

5

6

Fraction of hydration,

plotted against pH

for the hydration of pyruvic acid at 25. 0° (35).

As seen from Figure 4 the latter values of the fraction of hydration remain constant with further increases in pH.

The experi-

mentally determined fraction of hydration was used to determine
the amount of pyruvate and hydrate present in the equilibrated
solutions.
Assay of lactate dehydrogenase.

The LDH catalyzed

reduction of pyruvate was monitored spectrophotometrically by
following the rate of decrease in absorbancy at 340
from the oxidation of DPNH(37).
formed at 25. 0°.

~

resulting

All kinetic studies were per-

Figure 5 illustrates a typical kinetic run.

Protein was determined colorimetrically according to the method
of Lowry(38), using Folin Ciocalteou reagent.
bovine plasma albumin was used as a standard.
a typical protein standard curve.

Armour crystallized
Figure 6 illustrates

When using enzyme samples
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5 • Typical lactate dehydrogenase assay
at 25.0 C. Substrates: pyruvate and DPNH; buffer: phosphate, 0.01 M, µ= 0.1 and pH 6.8
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Figure 6. Typical protein standard curve. The
absorbance at 500 EE! indicates the number of micrograms
of protein in the sample.
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where there was not enough material to accurately carry out a
colorimetric as say, the protein concentration was determined
spectrophotometrically by recording the absorbancy at 280~
and 260nm.

Calculations used for determining the protein con-

centration were those suggested by Warburg and Christian{45)
and Kalckar{46).

Alternatively, the extinction coefficients were

used to determine molar concentrations of BHLDH and the isozymes
by using

E~~

= 1. 49(37).

The results of the protein determin-

ations were always in good agreement whether using the colorimetric assay or by spectrophotometric means.

Spectrophoto-

metric means were normally used to determine and normalize
the concentrations of the isozymes.
Preparation and storage of lactate dehydrogenase.
Enzyme solutions were prepared directly before use by accurately
measuring a sample of enzyme with a calibrated Hamilton syringe
and diluting it with 0.01 M sodium chloride to a total volume of 5 ml.
The dilution ratio was approximately 1: 1000, enzyme: solvent.

The

stock enzyme suspensions were stored refrigerated at -4°. Since
beef heart lactate dehydrogenase was utilized for several different sets of kinetic studies, it was necessary to check its activity
periodically by observing its catalytic effect on pyruvate by means
of the standard procedure described by Worthington{37).

In

general, lactate dehydrogenase either in the form of its separated
isozymes or as mixtures of isozymes, is relatively stable in 60%
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saturated ammonium sulphate suspension at -4°.

Thus individual

isozymes reportedly show no detectable decrease in activity for
six months at -4°, while the mixture of isozymes show no detectable decrease in activity over a twelve month period when stored
at -4° {39).

III.

Results

Preliminary Studies with Worthington Beef Heart Lactate
Dehydrogenase
At the outset of these kinetic studies, a number of
experiments were carried out to characterize the general
properties of the system.
mined as a function of pH.

Enzymatic efficiency was first deterThe pH rate profile ( Figure 7) for

the enzymatic reduction of pyruvate was obtained in 0. 01 M
phosphate buffer, ranging from pH 5. 5 to 8. 0, at a constant ionic
strength of 0. 1 M at 25.

o0 •

The concentration of pyruvate was

6. 7 x 10- 5 Mand DPNH concentration was 9. 6 x 10- 5 M.

Under

these conditions, the optimum activity for pyruvate reduction
catalyzed by BHLDH was found to occur at pH 6. 8.

The Michaelis-

Menten parameters were obtained at the pH optimum for both
pyruvate and DPNH, using a constant enzyme concentration.

The

Michaelis-Menten plots for pyruvate and DPNH are illustrated in
Figures 8 and 9, respectively.

The figures illustrate, in accord-

ance with earlier studies (22) that pyruvate, in high concentration
is a powerful inhibitor for the reaction.

The maximum activity

with respect to pyruvate was attained at 17. 0 x 10- 5 M, while
maximum activity with respect to DPNH was observed at 9. 6 x
10

-5

M.

The Michaelis-Menten parameters were determined by

the methods of Florini and Vestling(29) using reciprocals of the
maximum reaction velocities obtained from the ordinate intercepts

24

25
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7

B

pH
Figure 7 • Effect of varying the pH on the
activity of BHLDH. Substrate concentrations: pyruvate,
6.7 x 10 -5 M; and DPNH, 9.6 x 10 -5 M•
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of the Lineweaver-Burk plots ( Figures 10 and 11) against the
reciprocal molar concentrations of pyruvate and DPNH.

The

common intercepts in the Lineweaver-Burk plots illustrated in
Figure 12 demonstrates that the apparent Michaelis constant
remains unchanged as the concentrations of pyruvate or coenzyme
are varied.

The Michaelis-Menten parameters obtained are

summarized in Table 1.
Table 1
Michaelis-Menten Parameters for Beef Heart
Lactate Dehydrogenase

pH

6.8

Kpyruvate

1. 05

X

10- 5 M

KDPNH

6.41

X

10- 5 M

X

10- 9 M 2

6.65

Kpyruvate-DPNH

-

Vmax

Studies with Pig Heart and Rabbit Muscle Lactate Dehydrogenase
Several kinetic runs were made with pig heart and rabbit
muscle lactate dehydrogenase only for comparative purposes using
the standard Worthington assay(37).

It was determined that the

catalytic reduction of pyruvate was in the same order of magnitude
as the beef heart lactate dehydrogenase.

Though the pig heart

enzyme showed a high susceptibility to substrate inhibition, the
rabbit muscle LDH showed no evidence of substrate inhibition over
the concentration range studied.
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Figure 10. Lineweaver-Burk plot of pyruvate
reduction by BHLDH at 25.0• , pH 6.8, and.At= 0.1
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Pyruvate Concentrations:
0 3.4 X 10-5 M
[:] 5.2 x 10-5
0 6.8 X 10-5 M
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Figure 11.

Lineweaver-Burk plot of initial

reaction velocity as a function of molar concentration
of DPNH at 25.0°, pH 6.8, andA= 0.1.

Enzyme: BHLDH
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Dehydration of 2, 2-Dihydroxypropionate
The dehydration of various concentrations of 2, 2 -dihydro xypropionate was monitored as described in the Experimental
section by following the decrease in absorbance at either 340nm
or 260nm.

The results obtained at the two wavelengths were

identical to within experimental error.
usually followed at 2 60

~

The dehydration was

since the difference in the extinction

coefficients for the hydrated and unhydrated forms was greatest
at this wavelength.

Figure 13 illustrates a typical kinetic run

for the dehydration of 2, 2 -dihydroxypropionate at 2 5.
6. 8, and

/4(=

o0

,

pH

0. 1 Min 0. 01 M phosphate buffer. Such experimental

runs were reproducible within± 2%. Dehydration runs were followed both in the presence and absence of LDH and the rates
were identical within experimental error.

Figure 14 illustrates

a series of kinetic runs in the absence of LDH using a concentration range of 1. 60 mM to 15. 5 mM pyruvic acid from which
the pseudo-first-order -rate constants were determined by plotting
log (A 00 - At) versus times.

Figure 15 illustrates a typical plot

of log (A00 - A ) versus time using a final concentration of 15. 5
mM pyruvic acid.

From this plot,

ko bsd. = -2. 3 x slope, was

calculated as 4. 05 min -l . In a similar manner, the rate
coefficients associated with the hydration process were determined
using other pyruvate concentrations and these are presented in
Table 2.
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Figure 13. Typical kinetic run for the dehydration of 2,2-dihydroxypropionate from which the
pseudo-first order rate constant is obtained by plotting log (A,,.- At) versus time (Figure 15).
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Typical kinetic runs for the dehy-

dration of 2,2-dihydroxypropionate at 25.0°, pH 6.8,
andk= 0.1.

Final concentrations:

( □)

7. 9 mM ; (6) 3 .2 mM ; and ( Q ) 1 • 6 mM.

15.5 mM; (0)
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-1.0
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Figure 15. Plot of log (A..o - At) versus time
from a typical kinetic run (Figure 14) for the dehydration of 2,2-dihydroxypropionate in 0.01 M phosphate
buffer at pH 6.8 and 25.0°. Final concentration of
2,2-dihydroxypropionate is 15.5 mM.
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Table 2
Observed Rate Constants for the Dehydration
of 2, 2-Dihydroxypropionate at
Various Concentrations
at 25. o0
Entry

Total Cone.

Enzyme

pH

1

15. 500 mM

none

6.82

4. 05 min -l

2

7.900 mM

none

6.82

2.92min- 1

3

3. 200 mM

none

6.82

2. 00 min- 1

4

1. 600 mM

none

6.82

1. 75 min -l

5

0. 670 mM

BHLDH

6.82

1. 47 min- 1

6

0. 067 mM

BHLDH

6.82

1. 16 min -l

kobsd.

From the above data, a plot of kobsd. versus pyruvate concentration was constructed and is illustrated in Figure 16.
Variation in Enzymatic Reduction with Dehydration of
2, 2 -Dihydroxypropionate
The rates of pyruvate reduction catalyzed by LDH were
followed under two sets of conditions.

First, where an aqueous

solution of pyruvate of neutral pH was the last component injected
into the cuvette containing phosphate buffer at pH 6. 8 and secondly
where pre -acidified pyruvic acid (pH O. 45) was injected to
initiate the enzymatic reduction.

It will be noted that under the

first set of conditions that at the kinetic zero that pyruvate exists
predominately in the unhydrated form(?(.= 0. 06) (35) and since no
pH changes would take place during the run, the fraction of
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(Pyruvate) x 103 M
Figure 16. Plot of kobsd. versus various
pyruvate concentrations.
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of hydration would be expected to remain constant.

Under the

second set of conditions, the acidified pyruvic acid solution containing a substantial concentration of hydrated material ('X= 0. 5)
(35) undergoes an abrupt change in pH.

Under the experimental

conditions employed, a pH of 6. 8, caused by the relatively high
buffer capacity of the phosphate buffer, shifted the hydration
equilibrium such that at the time the enzymatic reduction was
initiated, the dehydration of 2, 2 -dihydroxypropionate also ensued.
In this way the rate of enzymatic reduction as a function of
2, 2 -dihydroxypropionate and pyruvate concentration can be
monitored,

Figure 17 illustrates a typical kinetic run for the

dehydration of 2, 2 -dihydroxypropionate followed by the enzyme
catalyzed reduction of pyruvate in the first-order region as
determined by the preliminary kinetic runs with BHLDH (Figure 8).
The experimental protocols are presented in the legends for each
figure.

The initial velocities, V , and final velocities, V00 , for
0

several such kinetic runs are tabulated in Table 3.
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Figure 17. Typical kinetic run for the dehydration of 2,2-dihydroxypropionate and enzymatic
reduction of pyruvate in O.Ol M phosphate buffer at
pH 6.8 and 25.0°. Substrate concentrations: Pyruvic
5 M; and
acid and 2,2-dihydroxypropionate, 6.7 x
DPNH, 9.6 x 10- 5 M.
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Figure 18 • Plot of log (~ - At) versus time
from a typical kinetic run (Figure 17) for the dehydration of 2,2-dihyroxypropionate and enzymatic reduction
of pyruvate in 0.01 M phosphate buffer at pH 6.8 and
25.0•.
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Table 3
Initial and Final Velocities for the
Enzymatic Reduction of Pyruvate

Pyruyic Acid, M liter- 1 6. 7

X

10- 5

6.7xl0- 5

6. 7

X

10- 5

DPNH, M liter -l

9. 6

X

10- 5

9. 6

10- 5

9. 6

X

10- 5

BHLDH M liter-I

1.lxl0- 8

1.lxlo- 8

1. 1

X

10- 8

Initial pH of Pyruvic
Acid

0.45

0.45

0.45

Final pH of Mixture

6.88

6.88

6.90

V0 (M min -l)

0.662

0.0756

0.0684

V00 (M min -l)

0.756

0.756

0.684

Vo /Vr,,

0. 86

0.10

0. 10

X

Figure 19 shows two kinetic runs of the variation in enzymatic
reduction with the dehydration 2, 2 -dihydroxypropionate where
the final concentration of pyruvate was 6. 7 x l 0 - 4 and of DPNH
was 9. 6 x 1 o- 5 M.

These kinetic runs w·ere carried out in

0. 01 M phosphate buffer with an ionic strength of 0. 1 M, final
pH 6.8, and 25.0°. The upper linear curve results from a run
initiated under the first set of conditions earlier described where
the lower curve, the slope of which ultimately reaches that of
the upper curve represents runs initiated under the second set of
conditions.

In all such pairs of runs, it was observed that those

initiated by the addition of the acidified pyruvic acid proceeded
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Figure 19. Variation of the enzymatic reduction
of pyruvate at 25.0°, pH 6.8, and,((= 0.1. Substrate
concentrations; Pyruvic acid ( 0), 6. 7 x 10-4 M;
pyruvate (0) 6.7 x ,o- 4 M; and DPNH, 9.6 x ,o-5-M.
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Figure 20. Plot of log (A,., - A t ) versus time
from a typical kinetic run (Figure 19) for the dehydration of 2,2-dihydroxypropionate and enzymatic
reduction of pyruvate in 0.01 M phosphate buffer and 25!].
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slowly at first and gradually increased in rate until a constant
rate was reached.

The Reduction of Deuterated Pyruvate
In order to provide this experiment with more evidence
concerning the nature of the true substrate, several kinetic runs
were made using deuterated pyruvate.

A 0. 5 N solution of pyruvate

in D 2 0 was prepared by weighing accurately a predetermined
amount of sodium pyruvate in a volumetric flask and adding
99. 8% D20 to the prescribed volume.

The appearance of HzO as

a result of the deuterium exchange (CH3COC02H
COC02D

+ 2H20)

+ 2D20 < >CD3

was monitored by NMR at a temperature of

37. 0° as illustrated in Figure 21.

Three NMR scans were made:

(A), a scan of pyruvate in HzO to be used as a blank; (B) a scan
of pyruvate in

n2o

at essentially zero time which shows the

initiation of deuterium-hydrogen exchange; and (C) a scan of
deuterated pyruvate in H20 after a seven day incubation period.
To compare the kinetic runs of the deuterated pyruvate with that
of pyruvate in water, a 0. 5 N solution of pyruvate in H 2 0 was
prepared.

The concentrations of the two pyruvate solutions were

checked by reading their respective absorbancies at 260 ~ Figure 22 illustrates a kinetic series comparing the rate of oxidation of DPNH by protiated pyruvate CH3COco- 2 and deuterated
pyruvate CD3COCO- 2·

From the results, it will be noted that the

primary kinetic isotope effect is unity.
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CH coco 2
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CH3c(OH)2co2~
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Figure 21. NMR scans of 0.5 N pyruvate in H2 o
and n2o at 37°. (A) shows a scan of pyruvate in H2o, (B)
shows a scan of pyruvate in n2 o at approximately zero
time, and (C) shows a scan of pyruvate in n2 o after a
sufficient incubation period.
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Figure 22 • Kinetic run comparing the change in
optical density of DPNH as a function of pyruvate ( 0)
and deuterated pyruvate (0) with BHLDH as the catalyst.
Substrate concentrations: pyruvate, 3.4 x 10-4 M; deuterated pyruvate, 3.4 x 10-4 M; and DPNH, 9.6 x 10-5 !:!•
Buffer: 0.01 M phosphate, pH 6.8.
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Preliminary Studies of the Lactate Dehydrogenase Isozymes
The purities of beef heart lactate dehydrogenase and
beef muscle lactate dehydrogenase were each shown to contain
single LDH isozymes by acrylamide gel electrophoresis using
Amido Black to stain the respective protein bands.

Between 200

and 300 micrograms of protein were carefully injected by a
Hamilton syringe on top of the acrylamide gel and a direct current
was then passed through the cell causing the protein molecules
to migrate with a speed and direction dependent upon their
electrical and physical properties.

The beef muscle, designated

as LDH1or LDH-5, isozyme showed the smallest electrophoretic
mobility, while the beef heart designated as LDH 5 or LDH-1
showed the greatest electrophoretic mobility.

Electrophorsis

was also applied to LDH-3 for comparative purposes and the
results indicated a single band having an electrophoretic mobility
between those of LDH-5 and LDH-1.
Prior to each series of detailed kinetic determinations,
several sets of runs were carried out to establish the approximate magnitudes of various kinetic parameters associated with
the two isozymes, LDH-1 and LDH-5.
Choosing a low substrate concentration to avoid
inhibition, the effect of varying the pH on the activity of the
isozymes over a pH range between 4. 7 to 8. 0 was determined in
0. 01 M acetate buffer at low pH values and 0. 01 M phosphate
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buffer at high pH values.

It was found that the rates of reduction

of pyruvate in acetate, pH 5. 8 and phosphate, pH 5. 8 were
identical.

Therefore, it was assumed that by using these low

buffer concentrations the accuracy of the pH-rate profile was
not hindered by specific anion effects.

For the determination of

the pH optima, relatively low substrate concentrations were

-5

chosen, namely 3. 4 x 10
DPNHo

M for pyruvate and 7. 8 x 10

-5

M for

Under these conditions, LDH-1 gave a maximum

velocity at pH 5. 0 and LDH-5 gave a maximum velocity at pH
6. 2.

The pH rate profiles for LDH-1 and LDH-5 are illustrated

in Figures 23 and 24, respectively.
Further exploratory work showed that the rates of
reduction of pyruvate both by LDH-1 and LDH-5 were subject to
inhibition in the presence of excess pyruvate. Figures 25 and 26
illustrate the series of kinetic runs obtained by plotting initial
reaction velocities as a function of pyruvate concentration for
LDH-1 and LDH-5 at pH 5.0 and pH 6.2, respectively.

It is

believed difference in inhibition with excess pyruvate is an
indiction of the physiologically distinct roles for the two types
of isozymes.
Runs were also carried out using dialyzed enzyme
preparations to determine whether or not the ammonium sulfate
solution in which the enzyme was suspended had any effect on the
activity of the enzyme.

These studies demonstrated that the
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Figure 23.

Effect of varying pH on the activity

of LDH-1-iso-B-nat, with pyruvate and DPNH as substrates.
Final concentrations: pyruvate, 3.4 x 10-5 M; DPNH,

7.8 x 10-5 M; acetate and phosphate buffers, 0.01 M.
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Effect of varying pH on the activity

of LDH-5-iso-B-nat, with pyruvate and DPNH as substrates.
M· DPNH '
Final concentrations: pyruvate, 3.4 x 10-5 _,

9.8

X

10- 5 M; phosphate, 0.01 M.
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Effect of pyruvate concentration on

the rate of reaction using LDH-1-iso-B-nat at 25.0 • in
0.01 M phosphate buffer, pH 7.6, andµ= 0.1
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Effect of pyruvate concentration on

the rate of reaction using LDH-5-iso-B-nat at 25.0
0.01 M phosphate buffer, pH 7.6, andµ= 0.1
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minute amount of ammonium sulfate transferred during the
preparation of the enzyme solution had no effect on the catalytic
reduction of pyruvate.
A series of runs was made using various concentrations
of saccharin to determine any possible activation or inhibition
effects on the reduction of pyruvate by LDH.
no change in reaction rate.

The results indicated

It has been previously reported by

Johnson and Meany(52) that saccharin acts as a powerful inhibitor
of the oxidation of hypoxanthine by xanthine oxidase.
While no detailed study on the rate of reaction as a
function of ionic strength was performed, a few runs were made to
assess the importance of variation of ionic strength.

The results

indicated that the reduction of pyruvate is somewhat dependent on
the ionic strength, and for consistent results it is necessary that
the ionic strength be held constant for each kinetic series.

Variation of the Michaelis-Menten Parameters of the Isozymes
with pH
Solutions of crystalline isozyme were diluted in 0. 01 M
NaCl to a concentration range suitable for accurate velocity
measurements.

All solutions used in these studies were contained

in a Dewar flask on ice during each set of experiments.

The

enzyme remained stable for the duration of a given set of experiments as indicated by the Worthington assay(37) before and after
the kinetic series.

For each isozyme, the protein concentration
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was determined spectrophotometrically at 280~ and normalized
to a constant concentration, if needed.

The extinction coefficient

used for the determination was 1. 49 x 1

a5

cm liter -l mole -l ( 37).

DPNH solutions remained stable in 0. 001 M phosphate buffer, pH
7. 6, for as long as eight hours before decomposition.

Most series

of runs were completed in less time; otherwise, fresh solutions
were prepared.

Solutions of sodium pyruvate were found to be

stable for longer periods than reported(44).

The report indicated

that the sodium pyruvate solution was stored and used at room
temperature, which probably accelerated the loss of carbon dioxid·e.
For the final analysis of the isozymes, LDH-1 and LDH-5,
their kinetic properties were studied as a function of hydrogen ion
concentration in acetate and phosphate buffers.

Table 4 summarizes

the pH values and other experimental conditions chosen for the
kinetic study.

Each isozyme was tested with a series of pyruvate

concentrations generally ranging from 6. 8 x 10

-6

M to 1. 7 x 10

-4

M

and DPNH concentrations ranging from 9. 6 x 10- 6 M to 2. 8 x 10- 4 M.
These latter were the minimum and maximum concentrations which
can be used to obtain such changes in optical density so as to
provide accurate rate data.

From the selected substrate concentra-

tions and pH, the Michaelis-Menten parameters were determined.
The following illustrations (Figure 2 7 through 4 7) show the results
for each series of experiments.

The figures are presented as

double reciprocal plots (Lineweaver - Burk) and plots of the

Table 4
Experimental Conditions used in Isozyme Study

Series

Isozymea

{Pyruvate) Range

Buffer O.OlM

pH

6.8xlo- 6 -2.7xl0- 5

{Enzyme)b

(DPNH) Range

I

l.9xl0- 5 -7.8

I

1

I

LDH-1

I 5. 0 I Acetate

2

I

LDH-1

I 6. 8 I Phosphate

6.8xlo- 6 -3.4xl0- 5

9.5xlo- 6 -5. ?xlo- 5 1 3. 3xlo-?

3

I

LDH-1

I 7. 6 I Phosphate

1. ?xlo- 4 -5. lxl0- 4

9.6xlo- 6 -9.6xl0- 5 1 3.3xlo-?

4

I

LDH-5

I 5. 0 I Acetate

0.9xlo- 4 -3.4xl0- 4

9. 6x10- 6 -5. 8xlo- 5 1 2. lxl0- 7

5

I

LDH-5

I 6. 2 I Phosphate

l.Oxlo- 4 -3.4xl0- 4

9.6x10- 6 -5.8xl0- 5 1 2.0xlo- 7

6

I

LDH-5

I

Phosphate

1. ?xl0- 4 -5. lxl0- 4

9. 7xlo- 6 -5.8xl0- 5 1 4.0xlo- 7

7

I

LDH-5

I 7. 6 I Phosphate

l.7xlo- 4 -8.5xl0- 4

l.9xlo- 5 -5.8xlo- 5 1 4.0xlo- 7

6. 8

I

I

3.3xl0-?

a. LDH- 1 and LDH-5 are short hand notations for the Boehringer Mannheim
preparations of LDH- 1- iso-B-nat and LDH-5- iso-B-nat, respectively.
b. The molarity of the enzyme solution is j.3r-dicated from a spectrophotometric
determination using 1. 49 x 10 5 cm liter
mole- 1 as the extinction coefficient.
In some cases this concentration was normalized during the kinetic assay.

\J1
\J1
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apparent maximum velocity versus the reciprocal of substrate
concentration (method of Florini and Vestling).

The experimental

protocols are presented in the legends for individual figures.
These illustrations were used to evaluate the kinetic parameters
as summarized in Table 5.

Table 5
Kinetic Parameters of Izozyme Systems Calculated
by Methods of Florini and Vestling(29)

Series
Isozyme

1

2

3

LDH-1

LDH-1

LDH-1

4

5

LDH-5

7

6

LDH-51

LDH-5

LDH-5

pH

5.0

6.8

7.6

5.0

6.2

6.8

7.6

Kpyruvate
x 10 5 M

2.42

4.40

7. 15

7.05

4.95

10.0

12.5

14. 7

10.9

I 18. 4

KDPNH x 10 6 M

13. 7

10.5

13.9

13.5

13.5

KDPNH-pyruvate
x 109 M 2
V

x 10 M Min 1

3. 14
4.0

5.24

11. 6

9.00

I

8. 15

I

18.3

. 59

4.0

3.85

I

4.0

I

3.7

I

2.3

\Jl

--.J
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Figure 27. Lineweaver-Burk plot of pyruvate
reduction by LDH-1-iso-B-nat at 25.0° in 0.01 M acetate
buffer, pH 5.0, andf'= 0.1
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Figure 28. Lineweaver-Burk plot of initial
reaction velocity as a function of molar concentration
of DPNH at 25.0°in 0.01M acetate buffer, pH 5.0, and
~=0.1. Enzyme: LDH-1-iso-B-nat.
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of DPNH at 25.0
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IV.

Discussion

Properties of Worthington Beef Heart Lactate Dehydrogenase
The properties of BHLDH were studied in order to
become familiar with the system .involving the catalytic reduction
of pyruvate.

Also, the pH effects on LDH were investigated to

determine an optimum pH at which to study the reduction of
pyruvate.

The pH profiles obtained in this work were in general

agreement with those cited in the literature ( 1 7, 49).

It should be

mentioned that pure enzyme, not separated into isozyme fractions,
whether extracted from heart tissue or striated muscle exhibit
maximal activity close to neutral pH.

As the results indicate,

this form of the enzyme is highly inhibited in the presence of high
concentrations of pyruvate ( Figure 8) and, also, high concentrations of DPNH ( Figure 9) most likely because of the formation of
an inactive complex (23, 24).

Therefore, in such tissues as the

heart, pyruvate is preferentially converted to acetyl-CoA and
channeled into the Krebs cycle, generating metabolic energy for
the tis sues.

It has been suggested that the function of the H4 -

tetramer enzyme may be in fact better suited for converting
lactate to pyruvate(22).

There is some question as to whether

these inhibitory levels of pyruvate are ever reached in tis sue
under normal physiological conditions.

Sacks and Morton {50)

demonstrated that gastrocnemius muscle of cats in a steady state
of one contraction per second contained slight increases of lactate
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but never reached inhibitory levels.

However, in muscular

tissue less substrate inhibition is observed because the M-type
lactate dehydrogenase is dominant and less susceptible to
inhibition.
Although rather large deviations in the Michaelis constant for LDH preparations such as BHLDH occur in the
literature, the value of Km obtained in this work (Table l} are
in general agreement.

The lack of consistency of these values

as obtained by the other workers probably arises from variations of temperature, buffer strength, ionic strength, and pH.
From Table I, in the results, it is observed that Km increases
with the increase in pH.

This may be caused by a lessening of

the stability of the enzyme-DPNH-pyruvate complex as the pH
increases which is consistent with what one would expect for an
anionic substrate as the enzyme is deprotonated.

Dehydration of 2, 2-Dihydroxypropionate and the Nature of the
True Substrate
The fate of pyruvic acid when introduced in aqueous
solutions has long been of physiological and chemical interest.
In order to evaluate the true nature of pyruvic acid as a substrate
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for lactate dehydrogenase, the possible equilibria must be
considered ( equation 9).
OH

I

O

OH

II

I

CH = C-C0 2 H;:;=========.:t. CH 3 - C -CO 2 Hi=-===:t.cH 3 - C - CO 2 H
2

I

l

OH

OH

I

CH 2 = C-CO2-

O

;:.=========~ CHr

(9)

OH

II

I

C - COz~==2 CHr ,

- CO2

OH
NMR studies indicate that less than 1% of pyruvate exists in the
form of the enol (Figure 21) (47), therefore if one starts with a
concentration of 6. 7 x 10- 5 M in pyruvate ( Figure 8), the solution
is 6. 7 x 10- 7 Min the form of the enol.

If the enol were the true

substrate, lactate dehydrogenase could only oxidize 6. 7 x 10-

5

M

DPNH, and more enol would necessarily have to be regenerated to
complete the reaction.

Since 6. 7 x 10- 7 Mis only a small fraction

of the total DPNH concentration present, there would have to be a
conversion of pyruvate
be oxidized.

---t

enol before most of the DPNH could

For such an enolization, one would expect a primary

kinetic hydrogen ion effect to lie in the range of 6 to 7, KH/K

=

D
6 to 7, due to simultaneous bond making, bond breaking process

from carbon to hydrogen, or deuteriem(48).

In other words, one
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would expect a considerably faster rate for CH 3 COCO 2 - than for

In this experiment it was demonstrated {Figure 22)
that the rate of reduction for the deuterated-pyruvic acid and
nondeuterated-pyruvic acid were identical, that is, KH/K

= 1 and,

D
therefore, the bond breaking, bond making process was not
involved in the enzymatic process.
Another feature of this compound, as it exists in aqueous
solution, is associated with its reversible hydration.

Because of

the acid properties of both pyruvic acid {pKa = 2. 18) {40) and its
hydrate {pKa = 3. 6) (41) and depending on the pH of the reaction
media, three possible equilibria must be considered (32, 35).

{ 12)
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Where the coefficients X and Y are used to indicate that the
stoichiometry of the hydration may be such as to involve more
than one molecule of water.

At values of pH lower than the pKa

of pyruvic acid, the system is essentially limited to equilibrium
10.

As the pH is increased to around the pKa of pyruvic acid,

there exists comparable quantities of pyruvic acid and its conjugate base so that both equilibria 10 and 11 are operative.
This would be expected to result in a decrease in the extent of
hydration since the electron-withdrawing influence of the unprotonated carboxylate group is weak.

Consequently, as the pH of

the reaction media exceeds the pKa of pyruvic acid the dehydration of 2, 2-dihydroxypropionate becomes dominant.

Finally,

when the pH of the reacting media exceeds the pKa of 2, 2-dihydroxypropionate, the forward reaction of equilibrium 12 is very
unfavorable since deprotonation has rendered it ineffective.

The

conclusion of this analysis is such that as the pKa of 2, 2-dihydroxypropionate is exceeded and, as physiological pH is approached,
the true molecular form of the catalyt:ic substrate is the unhydrated
pyruvate anion.
It should be noted that at pH 0. 35 a considerable quantity
of the hydrate exists (35), whereas at pH 6. 8 the extent of hydration
is much less.

For example, at 25.

o0

and pH 0. 35, the fraction of

hydration, X:., for dilute solutions, 0. 015 M of pyruvaic acid is
0. 62, and at pH 6. 8 the fraction of hydration,X, is 0. 06 (Figure
3) {35).

The fractions of hydration were determined by NMR
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experiments by comparing the relative areas of the methylhydrogen peaks associated with pyruvic acid and its conjugate
hydrate (equation 13) (35).

( 13)

X

= AreaHydrate

AreaHydrate

+ Area pyruvic
.

acid

As reported earlier in this paper, some kinetic runs were
performed by injecting acidified solutions of pyruvic acid at
pH 0. 35 into a solution of phosphate buffer, pH 6. 8, DPNH
and LDH.

At the concentration of pyruvic acid used, 6. 7 x

10 - 5 M, the initial f raction o f h y d ration was approximate 1y
0. 5(35).

These data are summarized in Table 5.
Table 6
Summary of Data for the Dehydration of
2, 2-Dihydroxypropionate and
Enzyme Catalyzed Reduction
of Pyruvate

pH

0.35

6.8

% Pyru vie Ac id

50

94.

% Hydrate

50

6

?(,

0.5

0.06

Thus, is reflected the oxidation of DPNH during the progress
of the dehydration of 2, 2-dihydroxypropionate; that is, for
this kinetic run, the final concentration of pyruvate was
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6. 7 x 10-S M; a concentration of substrate well within the range
where the enzymatic process is first order in pyruvate according
to Figure 8.

The DPNH concentration chosen was 9. 6 x 10-S M

and in a range where the enzymatic process is zero order with
respect to the coenzyme.

Quantitatively, it will be noted that

the oxidation of DPNH proceeds initially at a slow rate which
increases as the dehydration of 2, 2-dihydroxypropionate takes

It

place, until a constant rate of DPNH oxidation is observed.

should be .mentioned that independently, it was observed that the
rate of dehydration of 2, 2-dihydroxypropionate and the rate of
change in the velocity of the enzymatic oxidation of DPNH are
comparable.

These observations, therefore, verify that it is the

unhydrated pyruvate which is the true substrate for LDH action.
Similar qualitative observations resulted from work with pig heart
and rabbit muscle lactate dehydrogenase.
Once it were acknowledged that unhydrated pyruvate is
the true substrate for the enzymatic process, one would expect
that the initial and final velocities of the runs illustrated in
Figure 17 would be proportional to the initial pyruvate concentration (~ 50% of the total pyruvate concentration), and final pyruvate
concentration (~ 6% of the total pyruvate concentration).

If this

were the case, the ratio of initial and final rates of DPNH
oxidation would be equal to the ratio of the concentration of
unhydrated pyruvate before and after the dehydration equilibration
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had taken place:

=

(Pyruvic acid) 0
(Pyruvic acid) co

=

0.50

1

0.94

2

In other words, one would expect the final velocity to be about
twice as fast as the initial velocity.

Experimentally, however,

for typical kinetic runs (Table 3), it will be noted that the initial
velocity, V 0

,

was only about one-tenth those of the final velocities,

that is, the initial velocities were five times slower than anticipated.

The most likely conclusion drawn from this observation

is that the hydrated form of pyruvate, a substantial concentration
of which exists at zero time, acts as a powerful inhibitor on the
enzyme catalyzed reduction of pyruvate.

Thus the strong "sub-

strate" inhibition associated with the BHLDH as previously
observed (22), and so observed in the present work, may be
caused predominantly by the hydrated form of pyruvate even
though it exists in small concentrations.

In addition, at physio-

logical pH and temperature (ca 37°), the fraction of hydration of
pyruvate is still smaller (x~ 0. 03) (35), further substantiating
the belief that substrate inhibition under physiological conditions
is relatively insignificant.
formed using BHLDH.

Most of the kinetic runs were per-

Additional runs were also made using pig

heart LDH, resulting in the same inhibitory effects as BHLDH.
LDH-1 also showed a high susceptibility to inhibition in the
presence of excess pyruvate, while LDH-5 showed very little
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inhibition.

This treatment was not pursued in detail at this time,

but it is consistent with the existence of physiologically distinct
roles for the two types of LDH.
The role of the hydrate as an anti- substrate was further
explored at a higher substrate concentration, 6. 7 x 10- 4 M.
From studies involving the reduction of equilibrated hydrated
and unhydrated pyruvate, substrate inhibition was observed
(Figure 8).

Thus for a run initiated by adding acidified pyruvic

acid, i'f the only consideration is that pyruvate is the true substrate, one would expect a decrease in rate as more of that
species is generated from the dehydration of 2, 2-dihydroxypropionate.

However, the rate increases.

This can be explained by

the fact that although the concentration of pyruvate is increasing
the concentration of its hydrate is decreasing thereby decreasing
the extent of its inhibitory effect.

Of the two opposing factors at

work, the decrease in hydrate concentration has the overriding
effect implying that the well known "substrate II inhibition for this
enzyme system is related at least in part to 2, 2-dihydroxypropionate.

It will be noted from Figure 17 that the initial and final

rates of DPNH oxidation converge in a first-order-like fashion.
The convergence is half complete in approximately 0. 75 minutes.
From Figure 17 the extrapolated values of the half life for the
dehydration reaction as directly followed at the low pyruvate
concentration is t

112

= 0. 693

K

=

minutes.

In other words,
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the variation in the enzymatic reaction is indeed directly
paralleled by the equilibration between the hydrated and
unhydrated forms of pyruvate.

The first order convergence of

the rate of DPNH oxidation may be quantitatively treated by
plotting log (A 00 - At) in Figure 19 against time.

The first order

rate constant, Kobsd. = - 2. 3 x slope for the run depicted in the
figure had a value of 1. 4 7 min

1

which is in excellent agreement

with that obtained via extrapolation on Figure 1 7.

Also noted

from that figure is that the value of the rate constant for the
dehydration of 2, 2-dihydroxypropionate as followed by its effect on
the enzymatic oxidation of DPNH "fits" exactly where expected.
Mechanistically, the reduction of pyruvate by LDH is,
in the true sense, a hydrogenase reaction.

A hydride ion from the

pyridinium ring (53) of the coenzyme is transferred to the substrate,
followed by the addition of a hydrogen ion from the solvent.

Three

mechanisms are possible for substrate reduction by LDH, equations 13, 14, and 15.

Equation 13 has been shown to be the true

substrate for the enzyme reduction.

Equations 14 and 15, the

enolized form and the hydrate9- form, respectively are illustrated
for comparison.
H

+ (from

solvent)

CH

OH

I
9-co3
2
H

( 13)

89

( 14)

(from solvent)

(15)

It is of interest to compare the mechanism of pyruvate
reduction by lactate dehydrogenase to the oxidation of acetaldehyde by xanthine oxidase.

Gregory and Meany (55) have recently

reported that it was the reverse of equation 15 which was the
true mechanism for acetaldehyde oxidation.

Mechanistically

they proved that equation 16 rather than 17 was involved in the
catalytic process.

( 16)

0

XO ) CH!+ H

31

( 1 7)

OH

It is noted from this comparison that the reverse of 15 is similar
to reaction 16, that is, the expulsion of OH by H-.

Whereas this
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is the mechanism by which acetic acid is reduced by xanthine
oxidase, it is not, however, the mechanism for lactate dehydrogenase.

The lactate dehydrogenase mechanism for the reverse

of ( 16) would be the abstraction of H

-

and H

+

Therefore, the

generic term for this enzyme, lactate dehydrogenase, applies to
the catalyzed oxidation of lactate.
The identity of the true substrate for LDH action and an
understanding of the nature of the "substrate" inhibition is not
only pertinent to studies associated with pyruvate reduction, but
provide application of LDH action to other substrates such as
halogenated and aromatic pyruvate systems.

For comparative

studies involving these substrates one must account for the
hydrated forms with respect to the enzymatic process, since
these forms tend to hydrate to a much greater extent even at
neutral pH.

For example, at pH 7, fluoropyruvate is about 60%

hydrated (53). Thus for all substrates, including that presently
under consideration, experimentally obtained values of the
Michaelis constants must be multiplied by the fraction of the
unhydrated material.

For pyruvate the correction factor is

small:
PA

K

PA
= 0. 94 x K

corr

exp

where PA indicates pyruvic acid.

For other substrates such as
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fluoropyruvate ( FP), it may become more important:
FP

FP
= 0. 40 x K

K
corr

exp

Isozymes
The effect of pH on the reduction of pyruvate by lactate
dehydrogenase isozymes, H
this work.

4

and M , have been investigated 1n
4

The results indicate that under our experimental

conditions the extent of "substrate" inhibition varies with pH
and that the binding site for the enzyme-coenzyme- substrate is
also effected by changes in the hydrogen ion concentration of the
reacting media.

The pH optima for the isozymes (Figures 23

and 24) determined in this study were in agreement with the
earlier work of Schwert and Winer(44), using low levels of
pyruvate so that no inhibition occurred.

Other workers have

reported (54) a pH optimum as high as 7. 4.

The variation in pH

optima, however, seem dependent on the concentration of pyruvate employed in the determination.

For both isozymes, LDH-1

and LDH-5, it was noted that the Km value increased as the pH
of the reacting media was increased.

It is generally understood

that the smaller the Km value, the greater the binding of the
reacting complex.

A reasonable hypothesis associated with the

change in binding as a function of pH is offered by assuming that
as the pH of the reacting media is increased, the pK of the
dissociable groups on the enzyme are reached which changes the
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binding properties by deprotonation(44).

It is logical to propose

that pyruvate, being an anion, binds most strongly to the form of
the enzyme in which all groups are protonated.

Nygaard(54) has

suggested one possible reason for the increase in Km.

The

change in Km as a function of pH suggests that the binding must
occur via a group or groups that ionize over the region of pH
studied.

One possibility is that the binding site for pyruvate is an

imidazolium group, which becomes deprotonated when the pH is
increased above neutrality.
Another interesting facet of the isozyme catalyzed reduction of pyruvate involves the degree of inhibition caused by excess
substrate.

It was demonstrated in these experiments that LDH-1

is powerfully inhibited by excess pyruvate, whereas LDH-5 showed
only moderate inhibition by excess pyruvate.

The physiological

role of the two isozymes has already been discussed.

Considering

the mechanism of substrate inhibition, available data(22, 24, 49)
suggests that the inhibition results from an abortive ternary
complex.

The exact composition of the

ternary complex is not

precisely known but experimental investigations indicate that its
general form is pH and time dependent(44).

Time dependence

suggests that as more DPN + and lactate are formed, they compete
with DPNH and pyruvate for the active site on the enzyme.
Physiologically, it seems quite possible that such an inhibitory
complex will form, but no evidence for its association under
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anaerobic conditions has been reported.

Generally, lactate

oxidization by LDH occurs in the presence of oxygen.

However,

the formation of the DPN+ -LDH-lactate complex may occur
anaerobically, in turn slowing down the rate of pyruvate reduction
in two way·s; namely by binding with the enzyme and by oxidizing
the lactate to pyruvate.

It should also be noted that near

neutrality the fraction of hydration of pyruvate is 6% and because
of the similarities of 2, 2-dihydroxypropionate anion and lactate,
it is probable that 2, 2-dihydroxypropionate competes with pyruvate
for an active site on the enzyme, thus serving as a competitive
inhibitor.
In the present work(Figures 23 and 24) it was shown that
pyruvate reduction decreased very rapidly beyond the pH maxima
as the hydrogen ion concentration was decreased.

It appears then

that the enzyme is more susceptible to anionic inhibition at
elevated pH values.

Thus, the conclusions of Fujimoto and

Wilkinson(6) relative to inhibition of LDH by carbonate rather
than bicarbonate as the true inhibitor may not be valid.

Actually

carbonate inhibition may provide an interesting parallel to pyruvate
inhibition.

In the latter case, the present work has shown that

it is a hydrated anion (2, 2-dihydroxypropionate) which is largely
responsible for the observed "substrate" inhibition.

Metabolism,

in general, results in the generation of carbon dioxide which also
subsequently forms a hydrate anion, HC0 3 - .

Thus it is perhaps
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understandable that these two hydrated anions compete for the
same locus on the DPNH- LDH complex.
The main physiological role of lactate dehydrogenase is
to catalyze the oxidation of lactate and reduction of pyruvate, as
studied in this thesis.

It was evident from the linear relationship

between the reciprocals of reaction velocity and substrate concentration that LDH follows the Michaelis-Menten mechanism for a
two substrate system as discussed by Alberty(5 l).

Furthermore,

it was demonstrated by means of the dehydration of 2, 2-dihydroxypropionate and isotope effects that the true substrate for
enzyme action was pyruvate and not the hydrated or enol form,
and consequently LDH can be mechanistically categorized as a
dehydrogenase.

In addition, this work has provided information

concerning the inhibition of LDH by the hydrated form of pyruvate.
This report in no way disputes recent studies involving the
abortive ternary complex as the inhibitory agent to LDH action
(22, 24, 49), but does furnish evidence for the existence of other
forms of inhibition for this system.

Finally, it is hoped that this

work provided the necessary background information on the
relative Michaelis parameters necessary for future studies of
lactate dehydrogenase with respect to other substrate systems.
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